Abstract: Superhydrophobicity is dependent on both the surface energy and the texture of the surface. These factors are discussed in terms of a series of electrospun poly(methyl methacrylate)-graft-poly(dimethylsiloxane) (PMMA-g-PDMS) copolymers with different poly(dimethylsiloxane) (PDMS) content. These copolymers are synthesized via conventional free radical copolymerization of methyl methacrylate (MMA) and monomethacryloxypropyl-terminated PDMS macromonomers. It is shown how these copolymers can be electrospun to produce copolymer fibers with diameters in the 100-1000 nm range. The effect of the copolymer composition (and hence the surface energy) and the electrospinning tipto-collector distance (TCD) on the fiber morphology is discussed. The surfaces produced by the electrospinning process show superhydrophobic properties where the preferential surface segregation of the PDMS component is combined with the roughness of the fiber surface. The surface energy of the fibers is varied by variation of the PDMS content in the copolymers as well as by post-spinning modification with corona discharge. The hydrophobicity of the surfaces shows a greater dependence on the PDMS content than on the average fiber diameter. After exposure of these fiber surfaces to corona discharge, the initial superhydrophobic surfaces become easily wettable despite the fact that much of the surface roughness is maintained after exposure. The samples show the phenomena of hydrophobocity recovery after corona exposure. The rate and extent of this recovery depends on the PDMS content and the corona exposure time. Despite the recovery, scanning electron microscopy (SEM), swelling measurements, and confocal Raman spectroscopy show that permanent surface changes have taken place. The surfaces do not recover to their original superhydrophobic state.
INTRODUCTION
Superhydrophobic surfaces can be classified as those surfaces with a contact angle above 150° [1, 2] . Materials with superhydrophobic surfaces are attracting much attention in the scientific community.
spinning and the resulting morphology of the polymer nanofibers. These parameters may be broadly classified into the effects of the polymer solution, processing conditions, and the ambient conditions used during the spinning process [21] [22] [23] .
In this paper, we report on the ability of poly(methyl methacrylate)-graft-poly(dimethylsiloxane) (PMMA-g-PDMS) hybrid polymers to undergo electrospinning to form fibers with diameters in the range of 100-1000 nm. The graft copolymers described in this paper were prepared by free radical copolymerization and the "grafting through" macromonomer technique, using a monomethacryloxypropyl-terminated PDMS macromonomer. The PDMS content of the copolymers was varied by changing the macromonomer-methyl methacrylate (MMA) feed ratios in the copolymerization reaction [24] .
These types of hybrid copolymers are very interesting due to the incompatibility of the PDMS and PMMA segments that leads to phase-segregated morphologies. Y. Lee et al. [25] have shown that a key property of PDMS is its low surface energy, which results in most polymer blends with PDMS having phase-segregated morphologies. They investigated the effect of polymer chain length on surface segregation of PMMA-g-PDMS/P(2EHA-AA-VAc) blends. The blends of PMMA-g-PDMS with P(2EHA-AA-VAc) showed surface segregation of the PDMS component. They concluded that the surface enrichment of PDMS in the blends depended on the PDMS chain length. More specifically, as the PDMS chain length in PMMA-g-PDMS increased the concentration of PDMS at the surface increased.
It is well known that PMMA homopolymer can readily be electrospun to form polymer nanofibers [26, 27] . PDMS homopolymer cannot be electrospun due to its very low glass transition temperature. By producing a hybrid graft copolymer of PMMA and PDMS in this study, we found that the hard PMMA segments allowed the copolymers to be electrospun to produce nanofiber surfaces that contain a high percentage of PDMS. The surfaces produced in this way have the potential to show the phenomenon of "superhydrophobicity", where the static water contact angles exceed 150°due to the very rough surface and the hydrophobic nature of the PDMS component. Ma et al. [11] have shown that poly(stryrene-b-dimethylsiloxane) diblock copolymer synthesized via sequential controlled anionic polymerization of styrene followed by a ring-opening polymerization of hexamethylcyclotrisiloxane (D 3 ) could be electrospun after blending with polystyrene. This process produces superhydrophobic surfaces.
It is well known that exposure to corona discharge or other forms of plasma treatment can have significant effects on the surface energy of polymer samples [28] [29] [30] . Exposure of pure cross-linked PDMS compounds to corona discharge is known to lead to the phenomenon of hydrophobicity loss and recovery. Several researchers have studied the underlying molecular mechanisms of hydrophobic recovery in pure PDMS-based compounds. Using angle-resolved X-ray photoelectron spectroscopy (XPS), Owen and coworkers [31, 32] found that a thin wettable, brittle silica-like layer was formed after corona treatment of PDMS in air. According to Hillborg et al. [33] , hydrophobic recovery is usually explained as being due to a diffusion of unoxidized low-molar-mass PDMS through cracks in the silicalike surface layer. Toth et al. [34] studied silicone rubber surfaces exposed to plasma or corona discharges in air. They found that the diffusion of low-molecular-weight PDMS played a larger role toward hydrophobicity recovery than reorientation of polar groups in the bulk of the rubber. Morra et al. [35] used a combination of static secondary ion mass spectroscopy, XPS, and Fourier transform infrared (FTIR) spectroscopy on 0 18 plasma-modified PDMS and proposed that the hydrophobicity recovery was due to the burial of polar groups into the bulk of the polymer and to surface condensation of silanols and consequent cross-linking in the contact angle probed layer. Hollahan [36] and Scott et al. [37] have also discussed certain chemical reactions that occur during corona discharge. Mallon et al. [38] used positron annihilation spectroscopy (PAS) to study the effects of high-voltage discharge on PDMS insulators. They concluded that high-voltage corona discharge leads to the formation of a brittle silica-like layer. Meincken et al. [39] used atomic force microscopy (AFM) force-distance curves to track the hydrophobicity recovery of PDMS polymers after exposure to corona discharge. They concluded that the adhesive force derived from the AFM curve can be used to track the recovery of the hydrophobicity of these materials without the need for a water droplet to be in contact with the surface, as is the case with the static contact angle (SCA) measurements.
In this paper, we examine the effects of the surface morphology (or more specifically the electrospun fiber morphology) and the surface energy of the fibers. The surface energy of the fibers is changed in two ways.
EXPERIMENTAL

Copolymer synthesis
The free radical copolymerizations of different amounts of monomethacryloxypropyl-terminated PDMS macromonomer with MMA were performed in degassed toluene at 70°C for 42 h using 0.1 wt % (based on MMA) azobis(isobutyronitrile) (AIBN) as initiator. The macromonomer had a molar mass of 800-1200 g/mol. The copolymer composition was varied by varying the MMA macromonomer feed ratio in the copolymerization reaction. The copolymerizations were carried out using 20 wt % solids (based on MMA). The PMMA-g-PDMS polymer was precipitated in methanol and the isolated copolymer extracted with n-hexane to remove excess PDMS macromonomer. The formation of the graft copolymers and the effective removal of the unreacted PDMS macromonomer were confirmed using gradient elution high-performance liquid chromatography (HPLC). A Nucleosil 100 Si 5-µm column was used, and the solvent gradient profile was varied from a 40 % [toluene/ethanol solution (90:10)] and 60 % cyclohexane starting solution to a 100 % toluene/ethanol solution. The PDMS content of the purified copolymers was determined using 1 H NMR spectroscopy. The spectra were recorded using a Varian Inova 600 MHz NMR spectrometer. The PDMS content was determined by integration of the δ 4.07 ppm peak of the O-CH 3 from the PMMA and the δ 0.5 ppm Si-CH 3 peak. The molar mass of the copolymers was determined by size exclusion chromatography (SEC) using a Waters HPLC system using two PL gel 5-mm mixed C (200 × 7.5 mm) columns and tetrahydrofuran (THF) as the mobile phase. The M n , M w , and PDI values are reported as relative to the linear polystyrene standards used to calibrate the system. A summary of the synthesized copolymers is given in Table 1 . 
Electrospinning procedure
A 10 wt % solution of the copolymer was prepared in a 60 % dimethylformamide (DMF) and 40 % chloroform mixture (V/V). The solution was placed in a glass pipette and gravity-fed through the tip. All samples were spun using a 0.5-mm tip opening. A copper wire electrode was inserted into the solution, and a grounded electrode was attached to an aluminum foil pan filled with water. The spun fibers were therefore collected on the surface of the water. A 25 kV, 400 micro amps (10 W) output high-voltage supply was used for the electrospinning process, and a voltage of 10 kV was applied and kept con-
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stant for all samples. Two tip-to-collector distances (TCDs) were used in this study, namely, a 15-and 20-cm spinning distance.
Static contact angle measurements
SCAs were measured at room temperature and atmospheric pressure using distilled deionized water. All measurements are reported as the mean of at least 10 1-µL drops. The contact angles were determined from analysis of the digital images of the drops on the surface captured using a Nikon SMZ-2T light microscope fitted with digital image-capturing software. All images were captured immediately after placement of the drop on the surface.
Corona surface treatment
The samples were exposed to corona discharge for various times using a model BD-20C laboratory corona dischargers supplied by Electro-Technic products. The samples were placed at the bottom of a 1-L beaker, and the discharge needle was placed 10 mm from the sample surface.
Cross-link density determinations after exposure to corona
Electrospun fibers treated with high-voltage corona discharge were placed in THF at a concentration of 5 mg ml -1 . They were allowed to swell and reach equilibrium at room temperature for approximately 24 h. Thereafter, the samples were removed from the THF and weighed to determine the mass in the swollen state. The samples were then left to dry in a fume hood for 24 h and placed in a vacuum oven for an additional 2 h to remove any residual solvent. The mass of the dry sample was determined. The following equation was used to determine the volume fraction polymer in the swollen state at equilibrium, V r :
where m r is the residual mass (in grams) of the polymer after deswelling, m s is the solvent mass (in grams) at equilibrium swelling, p r is the density of PMMA-g-PDMS, and p s is the density of THF.
Scanning electron microscopy (SEM)
SEM was used to establish the exact nature of the surface morphology as well as chemical composition using an energy-dispersive system (EDS). SEM analysis was performed on a Leo 1430VP SEM fitted with a backscatter, cathodoluminescence, variable-pressure and energy-dispersive detectors, as well as a link EDS system and software for microanalysis and qualitative work. The SEM system was designed to perform high-resolution imaging and quantitative analysis. The system had an error range of 0.5-0.2 wt % on the major elements. Table 1 shows a summary of the various copolymers synthesized and used in this study. The composition of the copolymers was determined using 1 H NMR spectroscopy after extraction of any PMMA homopolymer and unreacted PDMS macromonomer and is shown in Table 1 . As expected, there is an increase in the PDMS copolymer content with an increase in the PDMS macromonomer feed ratio. All The synthesized copolymers shown in Table 1 were electrospun to produce polymer fibers. Two different tip-to-collector spinning distances were used during the electrospinning. Varying the TCD will have a direct influence on the flight time and the electric field strength as well as the solvent evaporation rate and therefore influence the nature of the fibers [40] . The fiber diameter may also be influenced by the polymer solution concentration with more concentrated solution leading to larger fiber diameters [41, 42] . In this study, the solution concentration and applied voltage were kept constant and only the copolymer composition and TCD were varied. Figures 1a-e show the SEM images as well as the distribution in the fiber diameters for the electrospun copolymer series with different PDMS content. The distribution in fiber diameter was determined by the analysis of at least 60 different fibers from the SEM images. Table 2 shows a summary of the fiber morphology for each of the electrospun copolymers and includes the average fiber diameter as well as the average bead size for the beaded samples. The Si/C ratio of the electrospun fibers determined using EDS for the 15-cm TCD is also shown in Table 2 . In general, the closer spinning distance leads to fibers with larger diameters as well as a greater distribution in diameters than the 20-cm spinning distance. The 5 wt % PDMS content electrospun copolymers show the smallest fiber diameters, but in both the 15-and 20-cm spinning distances they produce a highly beaded fiber morphology. The average bead size in these samples is given in Table. 2. Lesser amounts of beading are observed in some of the other samples. There is an increase in the average fiber diameter with an increase in the PDMS content of the copolymers for each of the TCD series. Figure 2a shows the water SCA for the electrospun copolymers for both the TCD series as well as for the bulk copolymer films. Figure 2b shows selected images of the water drops for the 20-cm TCD series with increasing PDMS content. The increase in the contact angle for PDMS-based copolymer films is a well-known phenomena and the surface contact angle generally increases with the amount of PDMS since the PDMS component preferentially surface-segregates. The preferential surface segregation of PMDS in various copolymers and blends is well documented in the literature [25, 43, 44] . There is, however, a remarkable increase in the SCA measurement of the fiber surfaces relative to the copolymer films. Both the fiber series show the property of superhydrophobicity with SCAs greater than 150°e specially for the higher-content PDMS copolymers. This increase in the SCA is indicative of the dramatic increase in the surface roughness of the electrospun surfaces relative to the copolymer films.
RESULTS AND DISCUSSION
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Modified superhydrophobic PMMA-g-PDMS surfaces 503 Figure 3 shows the 3D plots of the relationship between the measured SCA, the PDMS content, and the average fiber diameters for both the TCD series. Generally, the SCA values are larger for the 20-cm TCD series than the 15-cm series. This is indicative of the fact that the 20-cm series produces surfaces with a smaller average fiber and, therefore, a "rougher" surface. There is also a greater dependence of the SCA on the PDMS content for the 15-cm series relative to the 20-cm series, with the 20-cm series showing superhydrophobicity for all copolymers, while the 15-cm series only show superhydrophobicity for PDMS content above 15 wt %. This can again be attributed to the difference in the average fiber diameter for the two series. The smaller fiber diameter in the 20-cm series effectively produces a larger surface area for these fibers. Since the PDMS component will preferentially surface-segregate, the larger surface area effectively means an increased PDMS content leading to higher SCA values.
From Fig. 3 it is clear that the PDMS content dominates the SCA rather than the average fiber diameter. As mentioned previously, the higher-content PDMS copolymers produce fibers of larger diameter (this is clearly seen in the wt % PDMS vs. average fiber diameter projections in Fig. 3 ). Despite the larger fiber diameters, the higher-content PDMS copolymers show greater SCAs. This means that the observed increase in the SCA is not entirely due to the fiber morphologies. When the copolymers are electrospun to form the nanofibers, the effective increase in the surface area magnifies the contribution of the PDMS components (which preferentially surface-segregate) beyond that of the copolymer films. This indicates that the electrospinning process is an effective means of producing "surfaces" of a progressively lower surface energy by variation of the PDMS wt %, whereas in the bulk films, the SCA reached a maximum more or less constant value at relatively lower PDMS content.
It is well known that exposure to corona discharge or other forms of plasma treatment can have a dramatic effect on the surface energy of polymer samples [37] [38] [39] . The effect of corona exposure on the nanofiber surfaces was investigated. Samples were subjected to varying times of corona discharge. Thereafter, contact angle measurements were performed on these treated samples. Directly after corona treatment, the superhydrophobic character of all the surfaces is completely lost and a contact angle of zero was obtained for all the samples directly after treatment. This change from superhydrophobicity to superhydrophilicity directly after corona treatment is illustrated in Fig. 4 for the 34 wt % electrospun surface where a series of images shows the effect of the corona treatment on a water droplet brought into contact with the surface directly after corona treatment. These images were captured over a 3.5 s period after the drop is brought into contact with the surface. The sample was corona-treated for 30 min. It can be seen that the water droplet is completely absorbed by the polymer fibers as soon as it is brought into contact with the surface. This is in stark contrast to the images of the water droplets on the untreated surface (shown in Fig. 2b ) where the contact angle was 169°. Figure 5 shows the SCA measurement of the surface as a function of the recovery time after corona exposure for different treatment times for the 34 wt % electrospun surface. It can be seen that the samples show the phenomena of "hydrophobicity recovery". This is typically observed in pure crosslinked PDMS compounds after corona treatment. The data shows that the exposure time has a dramatic effect on the recovery rate. In the case of the 34 wt % PDMS sample exposed to 2-10 min of corona, there is a rapid recovery in the first minutes after treatment. Recovery continues for approximately 2.5 h until the maximum SCA values are reached. This maximum value does not, however, return to 100 % of the initial SCA value before treatment, and these surfaces cannot be considered to be superhydrophobic after corona treatment and recovery. With longer corona treatment times, the rate of recovery is considerably slower. The 30-min corona-treated samples show no hydrophobicity recovery and remain completely wettable. The sample exposed to corona discharge for 20 min takes approxi-
Modified superhydrophobic PMMA-g-PDMS surfaces 505 Fig. 4 Image capture of water drop in contact with 30-min corona-treated 34 wt % PDMS copolymer nanofiber surface immediately after exposure. The series of images were taken over a 3.5 s period. mately 12 h to recover to its maximum value vs. the 2.5 h for the other samples. Figure 6 show a similar plot for the lower 10 wt % PDMS electropsun copolymer surface for two corona treatment times. These samples show the same general recovery trend, but over a much longer time period. Several researchers have suggested that the diffusion of low-molecular-weight species (mostly cyclics) tends to be the dominant factor in hydrophobic recovery [33, 34] observed in pure PDMS compounds. These low-molecular-weight species are formed in situ by degradation of the PDMS polymer during the corona exposure. The lower recovery rate for the 10 wt % sample in this study is most probably due to the lower PDMS content of these fibers which would result in the generation of fewer lowmolecular-weight PDMS species which are most likely responsible for the hydrophobicity recovery observed.
In order to study the effects of corona treatment on the degradation of the copolymers, the coronatreated fibers were dissolved in THF. It was noted that after corona treatment the samples were insoluble, indicating that a cross-linking had taken place during corona exposure, making analysis of the change in molar mass by liquid chromatography impossible. Figure 7 shows the relationship between the cross-linking density (or V r ) and the corona treatment time. There is an initial increase in the crosslinking density at shorter treatment times and then a progressive decrease at longer treatment times. This suggested that in the initial stages of the corona treatment, polymer degradation leads to cross-linking in the fibers. Longer treatment times cause further breakdown in the polymer chains. During this process, low-molecular-weight PDMS compounds are formed and these are responsible for the SCA recovery observed. Figure 8 shows the SEM images for the deswelled samples after the cross-link density determinations. It can be seen that after the swelling experiment, the fiber morphology is somewhat maintained in the treated samples. The results of the cross-link density experiments and the SCA recovery data indicate that after prolonged exposure to corona (>30 min) degradation of the polymer has occurred to such an extent that no low-molecular-weight components exist to aid in the recovery. Figure 9 shows the SEM images of the surface of the fibers change dramatically when exposed to the degradation effect of the ozone and electrical bombardment due to the corona discharge. Before exposure, all fibers show a smooth surface texture, but after exposure the surface of the fibers is extremely rough and irregular. Evidence is seen for the embrittlement of the fibers. A similar type of embrittlement in pure PDMS surface is observed after corona treatment and in these cases is often ascribed to the formation of a brittle SiOx-type layer after corona exposure [31] [32] [33] [34] 38] . Some areas show a region where the fibers have merged to form a smoother area.
Modified superhydrophobic PMMA-g-PDMS surfaces 507 Confocal Raman spectroscopy was used to determine if any evidence of SiOx formation similar to that observed in PDMS compounds can be found in the corona-treated fibers. This technique has the advantage that the beam can be focused onto the surface of the individual fibers. The Si-O peak at 550-450 cm -1 and the symmetric CH 3 stretching peak at 2960 cm -1 were used to determine the ratio of Si-O to C-CH 3 of the virgin electrospun materials and of the electrospun surface after 30 min of corona treatment. Figure 10 shows the ratio of these peaks for the electrospun fibers of different PDMS content before and after 30-min corona treatment. In all cases, the samples show an increase in the Si-O/C-CH 3 ratio after corona exposure. This is consistent with the enrichment of oxygen on the surface and the formation of a brittle silica-like layer that is observed in the SEM images and is similar to the degradation layer that is formed in pure PDMS compounds after corona exposure. 
CONCLUSIONS
It has been shown that it is possible to produce polymer fibers of organic-inorganic polymers based on PMMA and PDMS using the electrospinning process. A series of PMMA-g-PDMS copolymers were synthesized with various PDMS content. The electrospinning conditions have a dramatic effect on the fiber diameters and morphology. In addition, the PDMS wt % also has a dramatic effect on the fiber morphology. The electrospun copolymer surfaces show considerably higher SCA values relative to the copolymer films. These surfaces produce superhydrophobic surfaces. The superhydrophobicity is not only a result of the increased surface roughness but also of the increased surface areas where the nanofiber series shows a greater dependence on the PDMS content than the corresponding polymer films. There is also a greater dependence of the SCA value of the electrospun surfaces with the PDMS content than on the average fiber diameter, suggesting that in this series the surface energy of the fibers dominates in determining the SCA over the basic fiber morphology (fiber diameter). In fact, the series shows a progressively more hydrophobic surface with an increase in the PDMS contents despite the increasing fiber diameter (and, therefore, less rough surface).
Exposure of the superhydrophobic fiber surfaces to corona discharges results in a complete loss of the superhydrophobicity where a water drop is completely absorbed into the fiber surface immediately after corona treatment. This loss of hydrophobicity is a result of the dramatic change in the fiber surface energy as a result of the chemical modification. SEM and confocal Raman spectroscopy confirm the surface modification due to the corona exposure. The loss of hydrophobicity is observed despite the fact that much of the surface roughness is preserved after the corona exposure. Samples treated for times less than 30 min show the phenomena of hydrophobicity recovery. The rate of recovery depends on the treatment time and the PDMS content of the fibers. Despite the recovery observed in these cases, none of the samples returned to their superhydrophobic state after corona treatment but instead recover to SCA of about 120°after 24 h. Evidence for a brittle "silica-like" degradation layer, similar to that observed in pure PDMS compounds, is found on the surface of the fibers after corona treatment.
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Fig. 10
Si-O/C-CH 3 ratio determined from Raman spectra for the Si-O 550-450 cm -1 to CH 3 2960 cm -1 peak heights for the fiber surfaces before and after 30-min corona treatment.
